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Abstract. A two-dimensional numerical model has been developed to investigate the mixed convection heat transfer and 
entropy generation of Al2O3-water nanofluid inside a rough cavity. The numerical model is developed using commercial 
finite volume software ANSYS-FLUENT inside a square cavity with various roughness elements. Here the vertical walls 
of the cavity are adiabatic, horizontal walls are maintained at constant temperatures, and the top wall is moving at a 
constant velocity. The rough bottom wall is maintained at a higher temperature, where the roughness elements are 
introduced by making the surface wavy. The effects of elements number and amplitude of the roughness elements on the 
heat transfer, fluid flow, and entropy generation are analyzed. The flow fields, temperature fields, and heat transfer rates 
are examined for different values of Reynolds numbers, while the entropy generation is characterized by the Bejan 
number, heat transfer irreversibility, and fluid friction irreversibility. The outcome of this study provides some important 
insight into the heat transfer behavior due to the surface roughness, which could potentially be used in developing novel 
geometries with enhanced and controlled heat transfer for complex engineering applications. 
INTRODUCTION 
Convective heat transfer of conventional heat-transfer fluids (such as air, water or oil) in cavities (such as square, 
wavy, inclined, cylindrical annuli, or triangular) has long been a question of great interest in a wide range of fields 
[1-14]. Flow and heat transfer from such irregular surfaces are often encountered in many engineering applications 
such that it is in great need to enhance heat transfer in the cooling system of microelectronic devices, flat-plate solar 
collectors, flat plate condensers in the refrigerator and underground cable system, etc. However, conventional heat-
transfer fluids used in heat transfer applications have low thermal conductivity. Thus, there is a great need to 
develop new kind of fluids that are more effective in terms of heat transfer performances. Nanofluids are fluids 
containing metallic nanometer-sized particles suspended stably and uniformly in a base-fluid (such as water, 
ethylene glycol, etc.). The use of metallic nanoparticles in nanofluids results in higher thermal conductivities and 
heat transfer coefficients as compared to the base-fluid, making them more efficient for heat transfer applications. 
Although many experimental studies have been conducted for nanofluids showing their better thermal properties and 
thermal performances [15-17], it is not clear whether the enhancement of thermal conductivity would be beneficial 
for mixed convection in the confined cavities. Thus, there is a need to investigate mixed convection of nanofluids in 
enclosed spaces. In this study, a two-dimensional numerical model has been developed to investigate the mixed 
convection heat transfer and entropy generation of Al2O3-water nanofluid inside a rough cavity and to analyze the 
effects of elements number and amplitude of the roughness elements on heat transfer, fluid flow, and entropy 
generation. The flow fields, temperature fields, and heat transfer rates are examined for different values of Reynolds 
numbers, while the entropy generation is examined by the Bejan number, heat transfer irreversibility, and fluid 
friction irreversibility. 
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PROBLEM DESCRIPTION 
Figure 1 shows a schematic diagram of the two-dimensional lid-driven square cavity with roughness elements at 
the bottom wall. Here H and L are the height and length of the cavity. A and N are the scaled amplitude and the 
scaled number of roughness elements with respect to the cavity length and height, respectively. The top wall of the 
cavity is moving in the x-direction from left to right with a uniform velocity. The top wall is kept at a constant 
temperature (Tmin), while the roughness elements have a higher wall temperature (Tmax). The two vertical walls are 
considered to be adiabatic and non-slip condition is applied. The dimensionless velocity components (U and V) and 
temperature () in Figure 1 are expressed as: 
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FIGURE 1. Schematic diagram of geometry with eight roughness elements. 
 
Considering Al2O3-water nanofluids to be Newtonian, incompressible, and the flow inside the above cavity is 
laminar, the governing conservation equations of mass, momentum, and energy in a steady state, two-dimensional 
laminar and incompressible flow are used in this study along with the Boussinesq approximation in the y-direction, 
which are expressed as [18]: 
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where u, v, p, and T are the velocities, pressure, and temperature, respectively, and , , , k, and cp are the dynamic 
viscosity, density, thermal expansion coefficient, thermal conductivity, and specific heat capacity, respectively. The 
subscript nf represents the effective properties of nanofluid. The nanofluid effective properties are estimated using 
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the effective medium theory as it provides a reasonable estimate of effective properties and this theory has been 
widely used for multiphase systems [19-24]. The following expressions are used for the nanofluid effective 
properties: 
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where the subscripts f and s denote water and Al2O3 nanoparticles, respectively. It is assumed that the shape and size 
of Al2O3 nanoparticles are uniform and in thermal equilibrium with the base fluid (water), and the radiative heat 
transfer and chemical reaction between water and Al2O3 nanoparticles, and viscous dissipation term in the heat 
transport equation are negligible. Thus, the thermophysical properties of Al2O3-water nanofluid are assumed to be 
constant except the density in buoyancy term. Thermophysical properties of water and Al2O3 nanoparticles used to 
evaluate the effective properties of Al2O3-water nanofluid for the numerical simulations are listed in Table 1. 
 
TABLE 1. Properties of water and Al2O3 nanoparticles [18]. 
Variables Water 
Al2O3 
nanoparticles 
Cp [J/(kg·K)] 4179 765 
 [kg/m3] 997.1 3970 
k [W/m·K] 0.613 40 
 [1/K] 2.1×10−4 8.5×10−6 
 [kg/m] 1.002×10−3 - 
 
NUMERICAL MODELING 
The governing nonlinear partial differential equations are solved using the commercial finite volume based 
software, ANSYS-FLUENT. A second-order upwind scheme is used for the spatial discretization of the governing 
equations. The velocity-pressure coupling is done by the SIMPLE algorithm and the pressure based solver is used to 
compute the solution. The solution of the governing equations is considered converged when the residuals are 
smaller than 10–6 for the mass and momentum equations and smaller than 10–8 for the energy equation. The mesh 
independence test is performed by comparing numerical results for various meshes to ensure that the results are 
independent of mesh sizes. Once a converged solution is obtained, the average Nusselt number (Nuavg) is calculated 
through the integration of the local Nusselt number (NuH) over the roughness elements using the following 
expression 
 = AA H .dNu
1
Nuavg  (11) 
Here area-weighted average value is taken as it divides the product of selected field variable and cell area by the 
surface area to give a dimensionless value. Finally, the total entropy generation associated with the heat transfer and 
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fluid friction is calculated using the formulation suggested by Bejan [25]. The expression of the total entropy 
generation is expressed as [11, 25]: 
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where the first term of this equation represents the entropy generation due to heat transfer, while the second term is 
the entropy generation due to fluid friction. 
 
Model Validation 
In order to identify the precision of the heat transfer results, the numerical method is evaluated by comparing 
with the results available in the literature. Here a modified geometry is considered to compare the present numerical 
model with Nayak et al. [26]. The modified geometry is similar to Figure 1 without the roughness elements and all 
the boundary conditions are identical to Figure 1. Here mixed convection of Cu-water nanofluid utilizing 5% 
volume fractions of Cu-nanoparticles at Re = 100 and Gr = 103 is simulated and compared with Nayak et al. [26]. 
The properties of Cu-water nanofluids are available in Ref. [26]. A comparison between the present prediction of the 
local Nusselt number (NuH) on the bottom wall and the data reported by Nayak et al. [26] is shown in Figure 2. It is 
observed that the local Nusselt number on the bottom wall obtained from present numerical code compared well 
with Nayak et al. [26]. 
 
FIGURE 2. A comparison of local Nusselt number distribution along the bottom wall of a square cavity with the results 
available in the literature [26]. 
 
RESULTS AND DISCUSSIONS 
In this section, the numerical results of mixed convection heat transfer and entropy generation for Al2O3-water 
nanofluids inside the rough cavity are presented. A set of graphs, thermal contours, and streamlines are shown to 
illustrate and explain the relationships between different parameters: Reynolds number (Re), scaled amplitude (A), 
and scaled number of roughness elements (N). The effects of Reynolds numbers on the heat transfer between the 
roughness elements and nanofluid are demonstrated in Figure 3 in terms of the average Nusselt number (Nuavg). This 
figure presents Nuavg for two scaled number of roughness elements and two scaled amplitudes as a function of 
Reynolds number. The results shown are for 1% Al2O3-water nanofluid at Rayleigh number (Ra) of 105. According 
to Figure 3, increase in Re number generates a linear increment in Nuavg for all cases with different amplitude and 
number of roughness elements. Increase in Re indicates the increase of lid velocity, which enhances the forced 
convection effect due to the greater impact of the inertial force of nanoparticles. Hence, a higher lid velocity 
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provides a better mixing and a higher mixed convective heat transfer inside the cavity. This could be further 
explained by comparing the isothermal and streamline plots for low and high Reynolds numbers. 
 
 
  
FIGURE 3. Effects of Reynolds number on the average Nusselt number (Nuavg) for two values of the scaled number of 
roughness elements (N) and scaled amplitudes (A) at φ = 1% and Ra = 105. 
 
 
(a) Re = 100 
 
(b) Re = 1000 
 
(c) Re = 100 
 
(d) Re = 1000 
FIGURE 4. Streamline (top) and isothermal (bottom) plots for Re = 100 and 1000 at φ = 1%, Ra = 105, N = 8 and A = 0.10. 
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Figure 4 shows the isothermal and streamline plots for Re = 100 and 1000 at φ = 1%, Ra = 105, N = 8 and A = 
0.10. These isothermal and streamline plots show that at low Reynolds number, the buoyancy force dominates the 
flow and the inertial force has negligible effect. Thus, the moving lid only affects part of the cavity and the diffusion 
is the primary mechanism of thermal transport from the bottom wall to the surrounding nanofluid. Hence, the values 
of average Nusselt number are smaller.  At higher Reynolds number (Re = 1000), the inertial force dominates the 
flow inside the cavity (Fig. 4b) and provides a better mixing between the cold and hot nanofluids. The 
corresponding isothermal plot shows that the convection is the primary mode of heat transfer between the bottom 
rough surface and the surrounding nanofluid. Although the higher Reynolds number provides a higher Nuavg, the 
addition of surface roughness at the bottom wall seems to adversely affect the heat transfer. As observed in Figure 3, 
a higher number of the roughness elements shows lower Nuavg compared with the lower number of roughness 
elements. The same scenario is observed when we change the amplitude of the roughness elements. Higher 
amplitude of the roughness element gives lower Nuavg. This trend indicates the convective heat transfer reduces with 
the roughness and the conduction between the bottom wall and nanofluid increases. 
 
Figure 5 depicts the effects of the scaled number of roughness elements and scaled amplitude on the total entropy 
generation (Sgen) and the average Bejan number (Beavg). Here the average Bejan number is estimated by integrating 
the local Bejan number over the entire domain, where the local Bejan number is defined as the ratio between heat 
transfer irreversibility and the total entropy generation. It is observed that there is an increasing trend in the total 
entropy generation with the increase of amplitude. When amplitude changes from 0.05 to 0.15 in the case of N = 6, 
it resulted in enhancement of 9.8% in total entropy generation. On the other hand, an increase in the number of 
roughness elements reduces the total entropy generation. Roughness element of 10 produces a decrement of less 
than 1% in total entropy generation compared to roughness elements of 6 at A = 0.05. The increase in the number 
and amplitude of roughness elements augments the average Bejan number within the cavity. At N = 6, the increment 
of 8.5% in Beavg is observed when A increases from 0.05 to 0.15. Meanwhile, the increment in Beavg is only 3.4% 
with the addition of the roughness element number from 6 to 10 at A = 0.05. It is worth noting that varying 
amplitude shows a greater effect than the number of roughness elements in the enhancement of heat transfer rate, 
total entropy generation, and the average Bejan number. Figure 5 further shows that the increase of heat transfer 
irreversibility due to the roughness amplitude is higher than the increase of fluid friction irreversibility. 
 
  
FIGURE 5. Effects of scaled amplitude (A) and scaled number of roughness elements (N) on the entropy generation (Sgen) and 
Bejan number (Beavg). 
 
CONCLUSIONS 
The present numerical study investigated the mixed convection and entropy generation of Al2O3-water 
nanofluids inside a rough cavity with a horizontal wavy wall, represented as a rough wall, to provide insight into the 
enhancement of heat transfer through geometry and medium optimization. It has been observed that higher Reynolds 
number provides better mixing of nanofluid and hence provides a higher heat transfer. Conversely, the addition of 
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roughness elements reduces the average Nusselt number. Thus, the convective heat transfer between the heated wall 
and the surrounding nanofluid is lower. Despite the relative strength of convective to conduction heat-transfer 
reduces due to the roughness elements, it provides a higher conduction heat transfer from the heated surface due to 
the higher active surface area. It is further concluded that amplitude has a greater effect than the number of 
roughness elements in the enhancement of heat transfer rate, total entropy generation, and the average Bejan 
number. 
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